Free-living cells of the fast-growing cowpea Rhizobium NGR234 were able to grow on a variety of carbon substrates at growth rates varying from 2.5 h on glucose or fumarate to 15.6 h on phydroxybenzoate. Free-living cells constitutively oxidized glucose, glutamate and aspartate but were inducible for all the other systems investigated. Bacteroids from root nodules of snake bean, however, were only capable of oxidizing C,-dicarboxylic acids and failed to oxidize any other carbon sources. Free-living cells of NGR234 possess inducible fructose and succinate uptake systems. These substrates are accumulated by active processes since accumulation is in hi bi ted by azide, 2,4-dini trop hen01 and carbonyl cyanide m-chlorophenyl hydrazone. Bacteroids failed to take up fructose although they actively accumulated succinate, suggesting that the latter substrate is significant in the development of an effective symbiosis.
concentration. After 15 min incubation with 1 ml2,4-dinitrophenylhydrazine (0.1 %, w/v, in 1 M-HCl), 3 m12 M-NaOH was added; after a further 15 min, the solutions were centrifuged for 10 min at 5000 r.p.m. and the AS40 was measured. Histidase (EC 4.3.1.3) was assaayed using the method described by Dilworth et al. (1983) .
RESULTS A N D DISCUSSION

Oxidation of substrates by cultured cells
Strain NGR234 grew on a wide range of amino acids, sugars, aliphatic and aromatic acids and polyols as sole source of carbon and energy with the generation times shown in Table 1 . A similar metabolic versatility has been reported previously for R. leguminosarum 3841 (Glenn & Dilworth, 198 1 a) .
Of the 16 growth substrates examined, NGR234 possessed constitutive oxidation systems for only glucose, glutamate and aspartate; the remainder were inducible (Table 1) . Glucose oxidation was low in cells grown on organic or amino acids, but relatively high on all other 88  80  109  154  48  69  46  69  56  161  90  49  109  73  67  137   5  1  16  5  25  69  27  4  9  20  7  8  14  10  5  8   88  51  38  61  20  30  15  31  12  40  37  32  22  28  28  31   36  73  51  75  74  95  84  101  67  146  81  63  109  197  128  174   38  34  42  42  42  58  36  46  38  85  47  41  66  73  73 Carbon utilization in cowpea Rhizobium NGR234 181 1 substrates, a pattern similar to that reported by for R. leguminosarum WU235. The glucose catabolic system appears to be somewhat different to those for other sugars, since the latter are clearly inducible in this strain. Cells grown on mannitol had a high level of fructose-dependent O2 consumption [114 nmol O2 rnin-l (mg protein)-'], while sucrose-grown cells also oxidized fructose [56 nmol O2 min-(mg protein)-' 1. These data suggest that the fructose permease is induced in such cells, probably as a result of the intracellular conversion of mannitol or sucrose to fructose. Cell grown on fumarate or malate or succinate were capable of oxidizing the other two C4dicarboxylic acids, This suggests that there is a common uptake system in NGR234 similar to that described in R. leguminosarum Finan et al., 1981) and R. trifolii (Ronson et al., 1981) . The other organic acids are also metabolized via inducible systems. Like other rhizobia (Parker et al., 1977; Chen et al., 1984) , NGR234 is capable of growth on the aromatic substrate p-hydroxybenzoate but it was unable to grow on benzoate, catechol or p-toluate. It will be of interest to investigate whether this capacity is genetically determined by the large plasmid reported in this strain (Morrison et al., 1983) .
Aspartate-, glutamate-, histidine-and isoleucine-dependent oxygen consumption were observed in cells grown on all carbon sources tested ( Table 1 ). The usual catabolic route for histidine degradation in Rhizobium is via urocanic acid, a reaction mediated by histidase (Dilworth et al., 1983) . When strain NGR234 was grown on L-histidine as the sole source of carbon, histidase activity was high [159 nmol min-l (mg protein)-'], whereas cells grown on a range of other carbon sources (glucose or fructose or arabinose or succinate) had low histidase activities [0.2-1*2 nmol min-(mg protein)-' 1. It seems unlikely that the L-histidine-dependent O2 consumption by cells grown on other carbon sources is due to the presence of these basal levels of histidase. An alternative explanation is that the cells contain an L-amino acid oxidase which consumes oxygen and produces 2-0x0 acids. When glucose-grown cells of NGR234 were incubated in glutamate, aspartate or histidine there was no evidence for 0x0 acid formation. One speculative hypothesis for the amino acid-induced O2 consumption is that endogenous metabolism may be stimulated by organic nitrogen sources.
Oxidation of substrates by bacteroids
Isolated bacteroids of strain NGR234 from snake bean nodules oxidized the C4-dicarboxylic acids fumarate, malate and succinate, the last named supporting the highest O2 consumption. The uptake and catabolic enzyme systems for C,-dicarboxylic acid metabolism must therefore be present in the bacteroid (Table 1 ). The rate of succinate oxidation by isolated bacteroids was less than 50% that observed for free-living cells grown on succinate. This lower rate of succinate oxidation by isolated bacteroids of NGR234 is similar to that described for isolated bacteroids of R. feguminosarum MNF3841. Bacteroids of strain NGR234 were unable to oxidize glucose, glutamate or aspartate even though these systems appear to be constitutive in the free-living form. A similar loss of metabolic capabilities constitutive in free-living cells has been reported in bacteroids of I?. leguminosarum (Glenn & Dilworth, 1981 a) . One possible explanation advanced for this apparent loss of constitutive uptake systems from the bacteroid is that they depend on periplasmic binding proteins which may be lost during bacteroid isolation . However, it has been shown that isolated bacteroids of strain NGR234 retain most of their periplasmic proteins (J. Smart, personal communication). It is likely, therefore, that the loss of the constitutive uptake systems from the bacteroid is due to other causes.
The induction of the C4-dicarboxylic acid permease system in nodule bacteroids provides clear evidence that they are exposed to, and capable of utilizing, these organic acids. The production of the C,-dicarboxylic acid uptake system is thus likely to be an event of some significance in the development of an effective symbiosis. This shows that the fructose uptake system in this cowpea strain is inducible during growth on fructose or mannitol and contrasts with the situation in R. leguminosarum MNF3841 (Glenn & Dilworth, 1981 b; Glenn et al., 1984b) , where the fructose transport system is constitutive. Cells of strain NGR234 grown on succinate showed an immediate capacity to take up [14C]succinate [34 nmol min-l (mg protein)-'] ( Fig. 1 a) , whereas cells grown on glucose, fructose, mannitol or glutamate were unable to transport succinate [ < 1 nmol min-(mg protein)-' 1. The C,-dicarboxylic acids are thus transported by NGR234 via an inducible system similar to that reported in R. trifolii by Ronson et al.
Nature of the fructose and succinate uptake systems
(1 98 1) and in R . leguminosarum by Finan et al. (1981) , but different from that found in R . leguminosarum MNF3841 by Glenn et al. (1980) . Bacteroids of NGR234 isolated from snake bean nodules were able to take up [ 14C]succinate [16 nmol min-l (mg protein)-'] but did not take up [14C]fructose, showing that the uptake system for succinate was induced in the bacteroid in the nodule (Fig. lb) . [ 14C] Fructose and [ 14C]succinate uptake, measured in cells grown to mid-exponential phase (A&r approx. 0.6) on fructose and succinate, respectively, involved active processes since they were inhibited by azide (2 mM), 2,4-dinitrophenol (1 mM) and carbonyl cyanide rnchlorophenylhydrazone (0.02 mM) by more than 96%. This is similar to the effects of these inhibitors on the fructose and succinate uptake systems in R. leguminosarum MNF3841 (Glenn et al., 1980 , 1984b .
EfSect of metabolic inhibitors on fructose and succinate uptake
Effect of competitors on fructose and succinate uptake
The specificity of the two uptake systems in cowpea Rhizobium NGR234 was examined by pre-incubating cells with potential competitors and then measuring the rate of uptake in comparison with untreated controls.
Glucose (10 mM) and galactose (10 mM) had little effect on [14C]fructose uptake [26 nmol min-(mg protein)-' compared with 30.0 in untreated controls]. Sorbose (10 mM) and mannose (10 mM) both markedly lowered fructose uptake to 1.8 nmol min-(mg protein)-l, while mannitol was without effect. These results are similar to those of Glenn et al. (1984b) , where sorbose strongly inhibited [ 14C]fructose uptake in R. leguminosarum MNF3841.
[14C]Succinate uptake fell 98% in the presence of malate, fumarate or oxaloacetate (10 mM), suggesting that these organic acids are transported on a common system. The succinate analogues 2,2-dimethylsuccinate and itaconic acid (10 mM) lowered the uptake of [ 14C]succinate by 84% and 87%, respectively.
These data suggest a picture of a versatile organism capable of using a wide range of carbon compounds for growth. In strain NGR234 most of the systems for the catabolism of these carbon substrates are inducible, in marked contrast to the pattern which has emerged with R . leguminosarum MNF3841 (Glenn & Dilworth, 1981 a) . This difference highlights the danger of generalizing about rhizobial physiology from data obtained with one or two strains.
Isolated bacteroids of NGR234 under the environmental conditions used in these experiments appear only able to utilize C,-dicarboxylic acids. The succinate permease is induced to a significant extent in the bacteroids, providing clear evidence for the utilization of C4-dicarboxylic acids by bacteroids in the nodule. The fructose permease, which in laboratory cultures is induced by fructose or sucrose appears not to be induced in bacteroids of NGR234. A tentative conclusion from this observation is that the bacteroids are never exposed to sufficient fructose or sucrose for the fructose permease to be induced.
Work with mutants of R. trifolii (Ronson et al., 1981) and R. leguminosarum (Glenn & Brewin, 1981 ; Finan et al., 1983) which cannot utilize C4-dicarboxylic acids has shown that such mutants are able to nodulate but not to fix N2 (Nod+ Fix-). However, mutants of R . trifolii (Ronson & Primrose, 1979) and R . leguminosarum (Glenn et al., 1984a ) which cannot utilize sugars are able to nodulate and fix N2. The data in this paper provide additional information on the importance of dicarboxylic acids for bacteroid function and suggest that snake bean bacteroids may not have access to significant concentrations of sugars.
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